ABSTRACT: Ribozymes employ diverse catalytic strategies in their self-cleavage mechanisms, including the use of divalent metal ions. This work explores the effects of Mg 2+ ions in the active site of the glmS ribozyme−GlcN6P cofactor complex using computational methods. Deleterious and potentially beneficial effects of an active site Mg 2+ ion on the self-cleavage reaction were identified. The presence of a Mg 2+ ion near the scissile phosphate oxygen atoms at the cleavage site was determined to be deleterious, and thereby anticatalytic, due to electrostatic repulsion of the cofactor, disruption of key hydrogen-bonding interactions, and obstruction of nucleophilic attack. On the other hand, the presence of a Mg 2+ ion at another position in the active site, the Hoogsteen face of the putative base, was found to avoid these deleterious effects and to be potentially catalytically favorable owing to the stabilization of negative charge and pK a shifting of the guanine base. R ibozymes are RNA molecules that catalyze specific reactions in a wide range of organisms. In contrast to proteins, ribozymes have high negative charges due to the phosphate groups in the backbone, resulting in the participation of metal ions for structural stabilization and, in some cases, catalysis.
R
ibozymes are RNA molecules that catalyze specific reactions in a wide range of organisms. In contrast to proteins, ribozymes have high negative charges due to the phosphate groups in the backbone, resulting in the participation of metal ions for structural stabilization and, in some cases, catalysis. 1 While metalloproteins usually use transition metals as redox reaction centers, ribozymes tend to interact more with alkali and alkaline earth metals such as Na + and Mg 2+ ions. 2, 3 For example, a Mg 2+ ion has been found to play an essential role in the mechanisms of group I and II self-splicing introns and in the self-cleavage mechanism of the HDV ribozyme. 4−8 Herein we consider the role of metal ions in the glmS ribozyme. In contrast to the self-cleavage mechanisms of other small ribozymes, the glmS ribozyme employs an exogenous cofactor, glucosamine-6-phosphate (GlcN6P), in its self-cleavage reaction and utilizes the protonated cofactor as the general acid in the acid−base mechanism. 9−20 For this ribozyme, divalent metal ions such as Mg 2+ and Ca 2+ have been shown to influence the rate and overall apparent pK a of the self-cleavage reaction. 21, 22 According to a previously proposed mechanism, 20 A-1(O2′) attacks the scissile phosphate in conjunction with deprotonation of this O2′ by G40(N1), which was presumed to be deprotonated by an external base and may be activated by a metal ion. In addition, the leaving group G1(O5′) is protonated by the amine group of the cofactor ( Figure 1 ; see Figure S2 for the secondary structure). 18 In this Letter, we utilize a variety of simulation methods to investigate the possible catalytic or anticatalytic effects of Mg 2+ ions in the active site of the glmS ribozyme. The simulations were initiated from a crystal structure of the glmS ribozyme containing the GlcN6P cofactor in the precleavage state (PDB ID 2Z75). 23 In this crystal structure, which at 1.7 Å is highresolution for RNA, self-cleavage was inhibited by a deoxy at the cleavage site. No Mg 2+ ions in the active site were resolved, but nine other Mg 2+ ions were resolved ( Figure 1A ) and remained near their original positions during the simulations. In addition to these crystallographic Mg 2+ ions, we manually added one Mg 2+ ion to the active site at different positions to test possible roles in catalysis using both classical molecular dynamics (MD) and mixed quantum mechanical/molecular mechanical (QM/MM) approaches. Minimum free energy paths and relative free energies of different configurations were determined using the finite temperature string method combined with umbrella sampling, 20, 24 and pK a calculations were performed using Poisson−Boltzmann calculations with a linear response approach (PB/LRA). 20, 25, 26 The details of the computational methods are provided in the Supporting Information. Analysis of the potentially catalytic or deleterious (i.e., anticatalytic) effects of Mg 2+ ions in the active site provides insights into the self-cleavage mechanism of the glmS ribozyme and also contributes to the general understanding of small ribozyme catalysis.
To explore potential roles of active site Mg 2+ ions, we examined several possible Mg 2+ binding sites with computational techniques. In the first scenario, the effects of a Mg 2+ ion at the cleavage site (labeled "Site 1" in Figure 1B ) were investigated. Specifically, an active site Mg 2+ ion was placed near one or the other of the nonbridging oxygens of the scissile phosphate. No holoribozyme (i.e., with the cofactor bound) or wild-type aporibozyme (i.e., without the cofactor) glmS crystal structure has been reported with a Mg 2+ ion near the cleavage site. However, our recent mechanistic work provides support for a divalent metal ion at the cleavage site of the glmS aporibozyme. 27 In an effort to understand the absence of a divalent metal ion at the active site of the holoribozyme, we examined two representative cases for the presence of a Mg 2+ ion at Site 1, the cleavage site for the holoribozyme. In one case, the Mg 2+ ion was coordinated to the pro-R P oxygen, and in the other case, the Mg 2+ ion was coordinated to the pro-S P oxygen. To test the mobility of this Mg 2+ ion, we conducted a classical free energy simulation with the string method combined with umbrella sampling. This simulation was performed for the canonical state, in which both A-1 and G40 are in their canonical protonation states, as shown in Figure 1B . The calculated minimum free energy path indicated that the free energy barrier associated with the movement of the Mg 2+ ion from one nonbridging oxygen to the other is ∼3−5 kcal/mol, with another stable configuration midway between the two oxygen atoms, and that the free energy difference between these equilibrium configurations is less than 1 kcal/mol ( Figure S3) . Thus, the Mg 2+ ion was able to move from one nonbridging oxygen of the scissile phosphate to the other under the simulation conditions used in this work.
To investigate the impact of this active site Mg 2+ ion on the hydrogen-bonding interactions at the cleavage site, we performed classical MD simulations for three different protonation states of the system. In the canonical state, both A-1 and G40 are in their canonical protonation states, as shown in Figure 1B . In the second state, denoted the "dN1 state", G40(N1) is deprotonated and thus able to serve as the general base. In the third state, denoted as the "dO2′ state", A-1(O2′) is deprotonated and thus able to act as a nucleophile to attack the phosphate. In all three of these protonation states, the amine group of the cofactor is protonated to enable it to act as the general acid, as supported by prior studies. 18 In each state, the active site Mg 2+ ion was initially placed near either the pro-R P or the pro-S P oxygen of the scissile phosphate. The Mg 2+ ion did not move significantly during the classical MD trajectories for the canonical and dO2′ states. For the dN1 state, however, even when the Mg 2+ ion was placed near the pro-R P oxygen, it moved toward the pro-S P oxygen to coordinate with the deprotonated G40(N1) ( Figure S4A ).
In contrast to our previous classical MD simulations of this system, which were without an active site Mg 2+ ion, 20 when a Mg 2+ ion was near the cleavage site, classical MD simulations showed a disruption of the active site hydrogen-bonding pattern. In particular, the hydrogen bonds between GlcN6P-(O1) and G1(pro-R p ), and between A-1(O2′) and G40(N1), which are depicted in Figure 1B , were no longer maintained. As a result of this disruption, A-1(O2′) did not always retain an inline attack conformation with the scissile phosphate, and the The pro-R P and pro-S P oxygens of the scissile phosphate are labeled with subscripts R and S, respectively. Dashed black lines indicate important hydrogen bonds in the active site. The potential positions of the active site Mg 2+ ion examined in this Letter are indicated by dotted circles. They are denoted "Site 1", which is near the nonbridging oxygens of the scissile phosphate, and "Site 2", which is near the Hoogsteen face of G40. a The cleavage site is labeled as Site 1 in Figure 1B , and both hydrogen-bonding distances given in this table are depicted by dashed lines. The species labels refer to the protonation states of A-1(O2′) and G40(N1) and the position of the Mg 2+ ion at the cleavage site. Data for the systems without an active site Mg 2+ ion are reanalyzed from ref 20 . Distances are given in Å. The numbers in parentheses are the standard deviations. Similar hydrogenbonding patterns were determined from QM/MM geometry optimizations, as given in Table S1 .
b The number before the slash is the Mg 2+
:pro-S P distance, and the number after the slash is the Mg 2+ :pro-R P distance. c Average distances for only the frames that have the A-1(O2′):G40(N1) hydrogen bond. The free energy barrier associated with the rotation from the A-1(O2′):pro-R P hydrogen bond to the A-1(O2′):G40(N1) hydrogen bond is ∼1 kcal/mol according to ref 20. d dN1 Mg 2+ @R P is not given because the Mg 2+ moves to the S P position even when started at the R P position.
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Letter interaction of A-1(O2′) with G40 was weakened, resulting in the movement of G40 away from the cleavage site. In addition, the protonated cofactor moved away from the active site, presumably due to electrostatic repulsion with the Mg 2+ ion. Table 1 provides average hydrogen-bonding distances from the classical MD simulations. Note that the hydrogen bonds between the cofactor and the pro-R P oxygen and between A-1(O2′) and G40(N1) have been weakened or disrupted in the presence of a Mg 2+ ion at the cleavage site. QM/MM geometry optimizations confirmed the same type of disruption of the hydrogen-bonding interactions within the active site ( Figure 2 and Table S1 ). Moreover, the O2′-P-O5′ angle decreases from 172°without an active site Mg 2+ ion to 113°w ith a Mg 2+ ion near the pro-R P oxygen for the canonical state, indicating disruption of the in-line attack conformation.
In classical MD simulations of the dO2′ state, the Mg 2+ ion is always stably coordinated to the deprotonated A-1(O2′). This coordination of the Mg 2+ ion to A-1(O2′) will hinder the subsequent nucleophilic attack. A similar obstructive effect was also observed in the QM/MM free energy simulations for the full cleavage reaction starting with the dO2′ state. For example, the calculated free energy barrier for the cleavage reaction with a Mg 2+ ion near the pro-S P oxygen for the dO2′ state is ∼31 kcal/mol ( Figure S5 ), which is ∼12 kcal/mol higher than the free energy barrier obtained from the same type of simulation for the analogous reaction pathway without the active site Mg 2+ ion. 20 Note that the Mg 2+ ion is not coordinated to A-1(O2′) at the beginning of the reaction pathway but becomes closer to this nucleophile as the reaction progresses ( Figure S5D ). This substantially higher free energy barrier obtained when a Mg 2+ ion is at the cleavage site is inconsistent with experimental measurements. 20 Overall, these collective simulation data indicate that the presence of a Mg 2+ ion at the cleavage site has a deleterious or anticataltyic effect on the self-cleavage mechanism. The first anticatalytic effect is that this Mg 2+ ion pushes the cofactor out of the active site due to electrostatic repulsion and disruption of the hydrogen bond between the cofactor and the pro-R p oxygen ( Table 1) . The second anticatalytic effect is that this Mg 2+ ion coordinates to A-1(O2′) and therefore obstructs the nucleophilic attack ( Figure S4B) . Moreover, the free energy barrier for the cleavage reaction when a Mg 2+ ion is at the cleavage site is inconsistent with experimental data. Thus, these simulations suggest that a Mg 2+ ion is unlikely to be positioned at the cleavage site.
To explore another potential mechanistic role of the Mg 2+ ion, we investigated a second scenario, in which the Mg 2+ ion interacts with the Hoogsteen face of G40 (labeled "Site 2" in Figure 1B ). The G40(N7) and G40(O6) shown in Figure 1B belong to the Hoogsteen face of the guanine and are able to coordinate to a Mg 2+ ion. 28 Although no glmS ribozyme crystal structure with a Mg 2+ ion near the Hoogsteen face of G40 has been reported, the crystal structure of a glmS aporibozyme triple mutant exhibits a Ca 2+ ion near O6 of the Hoogsteen face of an adjacent guanine site with space for it to move to the Hoogsteen face of the putative base. 29 Moreover, experimental mutation of G40 to U was found to decrease the self-cleavage rate by 3−5 orders of magnitude, 11, 17 and experiments performed in the presence of a 7-deaza-guanine substitution and Mn 2+ led to rate reduction 21 that suggests the possibility of metal ion binding to the Hoogsteen face of G40. In general, metal ions are able to interact via various types of coordination with the O6 or the N7 of the Hoogsteen face of a guanine and lower the pK a of the N1H of G. 30−34 On the basis of this literature, it is not clear whether a Mg 2+ ion would interact more strongly with G40(O6) or G40(N7) in the glmS ribozyme environment. A classical free energy simulation performed with the string method combined with umbrella sampling indicated that the free energy difference between these two equilibrium configurations is ∼1 kcal/mol, slightly Figure 2 . QM/MM optimized geometries for the canonical state (A) without a Mg 2+ ion at the cleavage site, (B) with a Mg 2+ ion near the pro-R P oxygen, and (C) with a Mg 2+ ion near the pro-S P oxygen. For simplicity, the pro-R P and pro-S P oxygens are labeled as R and S respectively. Dashed black lines indicate the GlcN6P(O1):pro-R P and A-1(O2′):G40(N1) hydrogen bonds when present. a The site at the Hoogsteen face of G40 is labeled as Site 2 in Figure 1B . The species labels refer to the protonation states of A-1(O2′) and G40(N1) and the position of the Mg 2+ ion at the Hoogsteen face of G40. Distances are given in Å. The numbers in parentheses are the standard deviations. Similar hydrogen-bonding patterns were determined from QM/MM geometry optimizations, as given in Table S2 , except that some of these hydrogen bonds were retained in the absence of conformational sampling.
b The number before the slash is the Mg 2+ :G40(O6) distance, and the number after the slash is the Mg 2+ :G40(N7) distance.
Letter favoring the G40(O6) position ( Figure S6 ). Therefore, we explored two representative cases for this scenario: the first with a Mg 2+ ion near G40(O6) and the second with a Mg 2+ ion near G40(N7).
In contrast to the first scenario, in which the active site Mg 2+ ion was at the cleavage site, the presence of a Mg 2+ ion near the Hoogsteen face of G40 (Site 2 in Figure 1B) did not significantly disrupt the hydrogen-bonding pattern or the inline attack conformation in the active site. Thus, unlike Site 1, Site 2 is not overtly anticatalytic. In these classical MD simulations, a Mg 2+ ion was initially positioned at either G40(N7) or G40(O6). In the dN1 and dO2′ states, the metal ion moved closer to G40(O6), which is closer to the deprotonated moiety, for the trajectories in which Mg 2+ was initially positioned at G40(N7). This movement was most likely due to electrostatic attraction between the Mg 2+ ion and the deprotonated G40(N1) or A-1(O2′), although it did not move enough to coordinate directly to G40(N1) or A-1(O2′). In the canonical state, the Mg 2+ ion remained near its initial position. When the metal ion was near G40(N7), it also interacted with a nearby phosphate group from G40. Table 2 provides the average distances and angles from these classical MD simulations. For all of these MD trajectories, the cofactor remained stably bound in the active site and formed a hydrogen bond with the pro-R P oxygen. Compared to the MD simulations without an active site Mg 2+ ion (data given in Table  1 ), the A-1(O2′):G40(N1) hydrogen bond became weaker in the presence of a Mg 2+ ion near the Hoogsteen face of G40. Weakening of the hydrogen-bonding interaction between A-1(O2′) and G40(N1) is expected to lower the pK a of G40(N1) in the canonical state and therefore facilitate the initial deprotonation of G40(N1) by an external base, which is proposed to initiate the self-cleavage reaction. 20 Thus, the presence of a Mg 2+ ion at the Hoogsteen face of G40 could potentially be catalytically favorable. Although the A-1(O2′):G40(N1) hydrogen bond also becomes weaker when a Mg 2+ ion is at the cleavage site (Site 1 in Figure 1B and Table 1 ), the accompanying weakening of the hydrogen bond between the cofactor and the pro-R P oxygen, as well as the electrostatic repulsion between the Mg 2+ ion and the cofactor, negates the potentially favorable effect in that case.
These issues were further explored by QM/MM geometry optimizations and pK a calculations with a Mg 2+ ion at the Hoogsteen face of G40. QM/MM geometry optimizations confirmed the retention of most hydrogen-bonding interactions within the active site, as well as the weakening of the A-1(O2′):G40(N1) hydrogen bond upon placement of the Mg 2+ ion at the Hoogsteen face ( Figure 3 and Table S2 ). Furthermore, pK a calculations confirmed a decrease of the pK a value of G40(N1) when a Mg 2+ ion is near the Hoogsteen face of G40. The calculated pK a of G40(N1) is 11.6 ± 1.5 20 without an active site Mg 2+ ion and 7.9 ± 1.1 with a Mg 2+ ion at the Hoogsteen face, predicting a decrease of 3.7 pK a units. This pK a shift is similar to the shifts measured experimentally for coordination of various metal ions to the N7 of G, which range from 1.4 to 2.5. 33 In these pK a calculations, the MD configurations were selected to retain the A-1(O2′):G40(N1) hydrogen bond, where the hydrogen bond donor is either A-1(O2′) or G40(N1). Note that these error bars were determined from statistical analysis and do not account for systematic errors, but the relative pK a values are expected to be reliable.
This work has elucidated the potential anticatalytic and catalytic effects of an active site Mg 2+ ion in the GlcN6P-bound glmS ribozyme. In general, Mg 2+ ions have been shown to stabilize the scissile phosphate negative charge that develops during the cleavage reaction as well as to shift the pK a 's of active site residues. The simulations presented herein indicate that the glmS ribozyme does not employ a Mg 2+ ion at the cleavage site (Site 1) because of two anticatalytic effects: (1) pushing the positively charged cofactor from the active site, presumably due to electrostatic repulsion, with concomitant disruption of the hydrogen bond between GlcN6P(O1) and the pro-R P oxygen on the scissile phosphate, and (2) obstructing the nucleophile attack by A-1(O2′) on the scissile phosphate by coordination to the deprotonated A-1(O2′). The disruption of the hydrogen-bonding interactions within the active site also disfavors the presumed in-line attack conformation required for catalysis. These findings are consistent with studies from the Breaker lab, 35 as well as recent studies from our lab that support the absence of a metal ion at the active site of the holoribozyme. 27 The calculations discussed herein suggest that the presence of a Mg 2+ ion at the cleavage site (Site 1) in the holoribozyme is disruptive and therefore exerts an anticatalytic effect.
In contrast, the presence of a Mg 2+ ion near the Hoogsteen face of G40 (Site 2) does not significantly disrupt the hydrogen-bonding interactions within the active site and does not exhibit any of the other anticatalytic effects. A possible catalytically favorable effect of the Mg 2+ ion near the Hoogsteen face of G40 is the lowering of the pK a of G40(N1), thereby facilitating the initial deprotonation presumed to be required for the self-cleavage reaction. Further experimental and theoretical studies are required to fully unravel the diverse roles of Mg 2+ ions in ribozymes.
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